A large number of tropomyosin (Tm) isoforms function as gatekeepers of the actin filament, controlling the spatiotemporal access of actin-binding proteins to specialized actin networks. Residues ϳ40 -80 vary significantly among Tm isoforms, but the impact of sequence variation on Tm structure and interactions with actin is poorly understood, because structural studies have focused on skeletal muscle Tm␣. We describe structures of N-terminal fragments of smooth muscle Tm␣ and Tm␤ (sm-Tm␣ and sm-Tm␤). The 2.0-Å structure of sm-Tm␣81 (81-aa) resembles that of skeletal Tm␣, displaying a similar super-helical twist matching the contours of the actin filament. The 1.8-Å structure of sm-Tm␣98 (98-aa) unexpectedly reveals an antiparallel coiled coil, with the two chains staggered by only 4 amino acids and displaying hydrophobic core interactions similar to those of the parallel dimer. In contrast, the 2.5-Å structure of sm-Tm␤98, containing Gly-Ala-Ser at the N terminus to mimic acetylation, reveals a parallel coiled coil. None of the structures contains coiled-coil stabilizing elements, favoring the formation of head-to-tail overlap complexes in four of five crystallographically independent parallel dimers. These complexes show similarly arranged 4-helix bundles stabilized by hydrophobic interactions, but the extent of the overlap varies between sm-Tm␤98 and sm-Tm␣81 from 2 to 3 helical turns. The formation of overlap complexes thus appears to be an intrinsic property of the Tm coiled coil, with the specific nature of hydrophobic contacts determining the extent of the overlap. Overall, the results suggest that sequence variation among Tm isoforms has a limited effect on actin binding but could determine its gatekeeper function.
Tropomyosin (Tm)
2 is a coiled-coil molecule that associates head-to-tail to form super-helical polymers along the two long pitch helices of the actin filament (1, 2) . Like the actin filament, the Tm polymer is polar, with its N-and C-terminal ends directed toward the pointed and barbed ends of the actin filament, respectively. Mammals express more than 40 Tm isoforms (1). It is thought that different Tm isoforms exert specialized "gatekeeper" functions, regulating the spatiotemporal interactions of actin-binding proteins (ABPs) with discrete actin filament networks in cells (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . At least two such actin networks can be distinguished in smooth muscle cells, the actomyosin contractile network and the cytoplasmic (or non-muscle) network. Much like in skeletal and cardiac muscles, the actin (or thin) filaments of the actomyosin network in smooth muscle cells act as molecular tracks for the myosin II motor and therefore are directly involved in the generation of contractile force (15) (16) (17) . The actomyosin network is composed of ␣-and ␥-actin (18) , caldesmon, smitin, and telokin, but unlike striated and cardiac muscles, it lacks troponin (17) . The cytoplasmic actin network localizes mainly to the cell cortex, and its main function may be to control cell shape and cell-cell communication during contraction and force maintenance (19) . This network is thought to be more dynamic and can be viewed to a certain extent as analogous to the actin cytoskeleton of nonmuscle cells, composed of ␤-actin and a myriad of ABPs (20 -24) . At least five Tm isoforms are expressed in smooth muscle cells; Tm␣ (also known as Tm6), Tm␤ (also known as Tm1), and the non-muscle isoforms Tm2, Tm5NM1, and Tm4 (3). Tm␣, the most abundant isoform, is associated with the actomyosin network, and Tm␤ appears to be mainly linked to the cytoplasmic network, whereas the location of the non-muscle isoforms remains to be established.
Tm isoforms differ in length and sequence. Long Tm isoforms, including skeletal and smooth muscle ␣ and ␤ isoforms, contain 284 amino acids, organized into seven pseudo-repeats of ϳ40 aa, with the rise per pseudo-repeat corresponding to that of one actin subunit of the long pitch helix of the actin filament (1, 6, 7) . Short Tm isoforms contain between four and six such repeats (1, 25) . Sequence differences among Tm isoforms cluster within pseudo-repeat 2 and at the C terminus. Because structural studies have focused predominantly on skeletal muscle Tm␣ (26 -30) , it is unclear how these differences affect the shape and interactions of Tm with the actin filament and other Tm-and actin-binding proteins. For instance, it has been proposed that Tm may be pre-shaped to the contours of the actin filament helix, such as to facilitate binding to the filament (10) . Crystal structures of skeletal muscle Tm␣ support this notion, as they often display a super-helical twist that matches that of the actin filament (26, 31) . Whether this is also true of other isoforms remains to be demonstrated. It is also intriguing that the variable C terminus mediates head-to-tail interactions of the Tm polymer. The fact that these interactions are not conserved suggests that there exist multiple possible combinations of head-to-tail complexes, probably characterized by different stabilities and different extents of the overlap. In an attempt to address some of these questions, we present here the crystal structures of three N-terminal fragments of smooth muscle Tm isoforms ␣ and ␤, revealing the conformation of one of the most variable regions of the Tm sequence. The structures share some features in common with those of skeletal muscle Tm␣, particularly the presence of a super-helical twist that appears to match the contours of the actin filament. Contrary to previous studies, none of the structures described here contains coiled-coil stabilizing elements, such as GCN4 leucine zippers or disulfide bonds, leading to some unique observations, including the formation of head-to-tail overlap complexes and one antiparallel coiled-coil dimer.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The cDNA encoding for 98-aa N-terminal fragments of chicken gizzard smooth muscle Tm␣ and Tm␤ were synthesized (GENEWIZ). Chicken gizzard smooth muscle Tm isoforms were selected for this study because they have been more extensively characterized at the biochemical and structural levels. Constructs sm-Tm␣81 and sm-Tm␣98, containing 81 and 98 N-terminal amino acids, were cloned between the NdeI and EcoRI sites of vector pTYB12 (New England Biolabs), containing a chitin-intein affinity and self-cleavage tag. Construct sm-Tm␤98 was cloned between the BamHI and HindIII sites of vector pRSFDuet-1 (Novagen), incorporating a hexahistidine N-terminal affinity tag. Plasmids were transformed into BL21(DE3) cells (New England Biolabs). Cells were grown in Terrific Broth medium at 37°C to A 600 ϭ 1.0 -1.2.
Expression was induced with the addition of 0.5 mM isopropyl ␤-D-thiogalactopyranoside for 16 h at 20°C. Cells expressing the two Tm␣ constructs were resuspended in chitin column equilibration buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 1 mM EDTA, 1 mM PMSF) and purified through a chitin affinity column. Self-cleavage of the intein was induced by addition of 50 mM DTT for 16 h. Three amino acids of the pTYB12 vector, Ala-Gly-His, remain at the N terminus of the two Tm␣ constructs after cleavage. Proteins were then additionally purified on a Superdex-200 gel filtration column (GE Healthcare) in 20 mM Tris-HCl, pH 8.0, 50 mM NaCl, and 1 mM DTT. Cells expressing sm-Tm␤98 were resuspended in 20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM PMSF, and 20 mM imidazole and purified through a nickel-nitrilotriacetic acid affinity column (Qiagen). Cleavage of the His tag was carried out at 4°C with addition of tobacco etch virus protease (at a molar ratio of 1:50) in 50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.5 mM EDTA, and 1 mM DTT. After cleavage of the His tag, three amino acids remain at the N terminus, Gly-Ala-Ser. These three amino acids have been previously shown to mimic N-acetylation (32) . Selenomethionine-substituted sm-Tm␣81 and sm-Tm␤98 were obtained by growing cells in SelenoMet medium (Athena Enzyme Systems), supplemented with 70 mg/ml selenomethionine (Acros Organics).
Crystallization, Data Collection, and Structure Determination-The three Tm fragments were concentrated to ϳ10 mg/ml using Vivaspin centrifugal devices (Sartorius Stedim Biotech) in 50 mM Tris-HCl, pH 8.0, and 50 mM NaCl, and 1 mM DTT. Crystals were obtained using the hanging drop vapordiffusion method at 20°C and under similar conditions (crystallization conditions are listed in Table 1 and supplemental Fig. 1 , which also shows representative pictures of the crystals). Crystals were flash-frozen in liquid nitrogen directly from the crystallization drop.
X-ray datasets (Table 1) were collected from wild type and selenomethionine-substituted crystals using beamline 17-ID of the Industrial Macromolecular Crystallography AssociationCollaborative Access Team at the Advance Photon Source (Argonne, IL). The native dataset of sm-Tm␣98 was collected at CHESS beamline A1. Data indexing and scaling were performed with the programs XDS/XSCALE (33) . Additionally, a dataset was collected from crystals of sm-Tm␣98 soaked for 1 h in 0.5 mM K 2 PtCl 4 (added to the crystallization drop) using a Bruker X8 PROSPECTOR x-ray apparatus equipped with an APEX II CCD detector and an IS microfocus x-ray source (Bruker AXS Inc.). The platinum derivative data were indexed and scaled using the Bruker software PROTEUM2.
All the structures were determined using the single wavelength anomalous dispersion method, because molecular replacement was unsuccessful. The anomalous scattering atom was selenium for the structures of sm-Tm81␣ and sm-Tm98␤ and platinum for the structure of sm-Tm98␣. The programs SHELXD/SHELXE (34) were used to find the selenium or platinum sites, calculate phases, and perform density modification.
Model building and refinement were carried out with the programs Coot (35) and Phenix (Table 1) (36) . R factor and R free of the final models are higher than expected at similar resolutions for globular structures, which is a general feature of Tm coiledcoil structures where most of the chain is solvent-exposed (see for instance Protein Data Bank entries 1IC2, 2B9C, and 2D3E). Nevertheless, the final models are well defined in the electron density maps (supplemental Fig. 1 ). Illustrations of the structures were prepared with the program PyMOL (Schrödinger).
Molecular Dynamics (MD) Simulations-MD simulations were performed on crystal structures of the sm-Tm fragments determined here and also on chimeras of full-length Tm, where the current structures replaced corresponding segments of an atomic model of smooth muscle Tm␣ (37). After energy opti-mization, MD was run for 30 ns at 300 K in implicit solvent mode as described previously (31) .
RESULTS
Crystal Structure of sm-Tm␣81-Most sequence variation among Tm isoforms occurs within pseudo-repeat 2 and at the C terminus ( Fig. 1A and supplemental Fig. 2 ). Knowing the structure of these variable regions is important to understand isoform-specific functional differences. Various structures of fragments of skeletal muscle Tm␣ have been determined that combined reveal nearly the entirety of the molecule (Fig. 1B) . These structures all contain coiled-coil stabilizing elements, such as GCN4 leucine zippers or disulfide bonds. One of the structures is that of an 81-aa N-terminal fragment of skeletal muscle Tm␣ (sk-Tm␣81), containing additionally a cysteine disulfide bond at the C terminus to stabilize the coiled coil (26) . This structure includes the variable region between residues 40 and 80, corresponding to pseudo-repeat 2 of Tm (Fig. 1B) . To assess the effect of sequence variation within this region, we determined the structure of an equivalent 81-aa fragment of smooth muscle Tm␣ (sm-Tm␣81). Despite the similarities with sk-Tm␣81, a molecular replacement solution of the structure of sm-Tm␣81 could not be obtained, presumably because of slight differences in bending and the elongated nature of the Tm molecule. Thus, the structure of sm-Tm␣81 was determined ab initio, using the anomalous signal of a selenomethionine derivative, and refined at 2.0 Å resolution (Table 1) .
Two dimers are present in the asymmetric unit of the structure of sm-Tm␣81 ( Fig. 2A) . Dimers 1 (chains A and B) and 2 (chains C and D) exhibit canonical coiled-coil conformations between residues 3-70 and 3-74, respectively. Although the secondary structure is still ␣-helical, both dimers open up slightly toward the N and C termini compared with a canonical coiled coil, possibly because of the lack of N-acetylation and coiled-coil stabilizing elements. The 81-aa fragment includes two of the six alanine clusters of the Tm molecule (26, 30). The FIGURE 1. Sequences and structures of Tm isoforms. A, alignment of the sequences of sk-Tm␣, chicken gizzard sm-Tm␣, and sm-Tm␤ and three non-muscle isoforms expressed in smooth muscle (3) . Accession codes are as follows: sk-Tm␣, P04268-1; sm-Tm␣, P04268-2; sm-Tm␤, P19352-2; nm-Tm2, P09493-3; nm-Tm5, P06753-2; and nm-Tm4, P67936. Residues implicated in interactions with actin (31) and those forming part of alanine clusters (26, 30) are outlined red and green, respectively. B, fragments whose structures were determined here or previously published are shown above and below a diagram of the Tm molecule, where variable regions are highlighted (light blue). For the published structures, Protein Data Bank accession codes are listed in parentheses and the N-and C-terminal coiled-coil stabilizing elements used are indicated (GCN4, Cys bonds or EB1 and XRCC4 fusion proteins).
alanine clusters are regions where small side chains (mainly Ala but also Ser and Cys) accumulate at heptad positions a and d in the hydrophobic core of the coiled coil (Fig. 1A) , allowing for slight axial staggering of the coiled-coil helices relative to one another. Such staggering is responsible for super-helical bending of the Tm coiled coil to match the contours of the actin filament (26) . In the current structure, differences between the two dimers in the asymmetric unit become more pronounced around the first alanine cluster, resulting in an overall r.m.s.d. of 1.6 Å for 149 superimposable C␣ atoms of the two dimers within a distance cutoff of 2.0 Å (Fig. 2A) . This observation is consistent with the notion that the alanine clusters correspond to regions of increased conformational variability (30, 38 -40) .
Overall, the structure of sm-Tm␣81 is similar to sk-Tm␣81 (Fig. 2B) . Indeed, both structures contain two dimers in the asymmetric unit, and differences between dimers within each structure (r.m.s.d. of 1.6 Å for 150 superimposable C␣ atoms of the two dimers of sk-Tm␣81 within a distance cutoff of 2.0 Å) are comparable with those between the dimers of the two structures (C␣ r.m.s.d. ranging from 1.0 to 2.3 Å for the four possible pairwise comparisons). Overall, the differences between isoforms are more pronounced toward the N and C termini (Fig. 2) , which is expected because no coiled-coil stabilizing elements were used in the current structure. Importantly, changes in sequence occurring in pseudo-repeat 2 (amino acids 40 -80) have only a limited and local impact on the conformation of sm-Tm␣81 compared with sk-Tm␣. What is more, residues within this region predicted to become involved in interactions with actin are highly conserved among Tm isoforms (Fig. 1A and supplemental Fig.  2 ). These residues are exposed, and their conservation suggests that the actin-binding function tends to be preserved among Tm isoforms. MD simulations further show that on average sm-Tm␣81 retains a twist during simulation comparable with that of the crystal structure. In MD simulations performed on a model of full-length Tm obtained by splicing the structure of sm-Tm␣81 into a previous model of fulllength smooth muscle Tm␣ (37), the average super-helical trajectory of the coiled-coil matches well the shape of the actin filament helix (supplemental Fig. 3 ).
Crystal Structure of sm-Tm␣98-The structure of a 98-aa N-terminal fragment of smooth muscle Tm␣ (sm-Tm␣98) was determined ab initio, using a platinum heavy atom derivative, and refined at 1.8 Å resolution (Table 1 ). The asymmetric unit of the structure contains two chains, each belonging to a different coiled-coil dimer that is completed by crystal symmetry. Surprisingly, both crystallographically independent dimers form antiparallel coiled coils. The antiparallel dimers differ somewhat (r.m.s.d. of 2.4 Å for 172 equivalent C␣ atoms), but overall their conformations and inter-helical contacts are similar (Fig. 3A) . The serendipitous occurrence of antiparallel dimers in the structure of sm-Tm␣98 appears to be a consequence of our particular choice of construct, because the shorter fragment sm-Tm␣81 forms a parallel coiled coil. Indeed, sm-Tm␣98 is charged positively at the N terminus and negatively at the C terminus (Fig. 3, B and C) . Therefore, it is possible that, in the absence of coiled-coil stabilizing elements, repulsive electrostatic interactions force the two helices apart and favor an antiparallel arrangement. Interestingly, similar inter-helical contacts are observed in the hydrophobic core of the antiparallel and parallel structures of sm-Tm␣98 and sm-Tm␣81. Thus, the two helices of the antiparallel coiled coil are staggered by only 4 aa, such that hydrophobic residues are masked at the inter-helical interface, somewhat analogous to the parallel dimer. Moreover, residues Ser 36 and Ser 67 of the two helices form hydrogen-bonding contacts in the hydrophobic core of the parallel coiled-coil dimer, which in the antiparallel coiled coil are replaced by interactions between Ser 36 of one helix and Ser 67 of the other helix and vice versa (Fig. 3, D-F) . A similar inter-helical swap occurs between the two alanine clusters present in this construct (Fig. 3, G and H) . Additionally, a number of salt bridges (12 and 8 in the two crystallographically independent dimers) help stabilize the antiparallel dimers. Some of these salt bridges occur toward the N and C termini of the dimer, which might explain why the two helices remain tightly packed toward the ends (Fig. 3, B and C) . Crystal Structure of sm-Tm␤98-The region between residues 35 and 85 of sm-Tm␤ differs quite significantly from both smooth and skeletal muscle Tm␣ (Fig. 1A) . We determined the structure of sm-Tm␤98 using the anomalous signal of a selenomethionine derivative and refined the structure at 2.5 Å resolution (Table 1) . In this case, we added three amino acids at the N terminus, Gly-Ala-Ser, which were previously shown to mimic N-acetylation (32) and were thus expected to help preserve a native coiled-coil conformation at the N terminus. The asymmetric unit of the crystal structure contains four chains, two of which form a complete dimer and the other two form half-dimers that are completed by crystal symmetry for a total of three crystallographically independent coiled-coil dimers. In contrast to the structure of sm-Tm␣98, all three dimers in the structure of sm-Tm␤98 are parallel. There are differences in bending between the three dimers resulting in r.m.s.d. between dimers ranging from 1.0 to 1.2 Å for 190 C␣ positions (Fig. 4A) . Because the electron density is better defined for the complete dimer (i.e. chains A and B, Fig. 4B ), our analysis is based on this coiled coil.
The structure of sm-Tm␤98 overlays well with that of sm-Tm␣81 (r.m.s.d. of 1.4 Å for 155 C␣ atoms used in the superimposition based on a distance cutoff of 2.0 Å), except at the C terminus where the structure of sm-Tm␣81 is more open (Fig. 4C) . One significant difference, however, between sm-Tm␤ and other Tm isoforms is the presence of a Cys residue at position 36 (Ser in both smooth and skeletal muscle Tm␣, Fig. 1A ), which we anticipated would form a disulfide bond in the hydrophobic core. Yet to our surprise, residue Cys 36 does not form a disulfide bond despite the fact that the side chains of this residue from both helices face each other and the S␥ atoms are in close proximity (3.86 versus 2.03 Å for an ideal disulfide bond; Fig. 4B (41) ). This result was confirmed by mass spectrometry analysis of dissolved crystals, showing that most of the protein in the crystals is not covalently cross-linked (supplemental Fig. 4 ). This finding is in agreement with a recent study that found that Tm is in a reduced state in rabbit psoas and rat cardiac muscles (42, 43) . A reduced state of the Tm molecule is also consistent with slight inter-helical staggering near regions of alanine clusters (26) . Indeed, such staggering could not occur if cysteine residues in the hydrophobic core were covalently bound. Coincidentally, Cys 36 forms part of the first alanine cluster (Fig. 1A) .
Overlap Complexes-Head-to-tail overlap complexes are generated by crystal symmetry in the two parallel coiled-coil structures reported here, sm-Tm␣81 and sm-Tm␤98 (Fig. 5) . Combined, these structures contain five crystallographically independent dimers, which form four unique N to C termini overlap complexes; one in the structure of sm-Tm␣81 and three in that of sm-Tm␤98. In the structure of sm-Tm␣81, dimer 1 forms an overlap complex with dimer 2 (Fig. 5A) , whereas in the structure of sm-Tm␤98, each crystallographically independent dimer forms an overlap complex with its own symmetry mate (Fig. 5, B and C) . The head-to-tail complexes observed here are similar in nature to previously reported structures (32, 44) in that they all form four-helix bundles stabilized by hydrophobic interactions. However, there are also differences in bending and in the extent of the overlap between the complexes of sm-Tm␣81 and sm-Tm␤98 (Fig. 5) and with previously published structures.
In previous studies, it was concluded that the C-terminal coiled coil opens to allow insertion of the N-terminal coiled coil (32, 44) . In the complexes observed here, however, the degree of opening is somewhat similar at both ends, and because the extent of the overlap is relatively short, the interaction actually occurs with very little opening (Fig. 5, D and E) . In the two previously reported structures of the overlap complex of chicken smooth muscle Tm␣, the extent of the overlap varied from 12 to 15 residues, and both structures were bent, albeit to different degrees (32) . In the case of rat striated muscle Tm␣, 11 residues formed the overlap complex, which had mostly a straight conformation (44) . By comparison, in the current structure of sm-Tm␤98 the extent of the overlap is ϳ8 residues (i.e. slightly more than two helical turns) for all three crystallographically independent dimers, and the conformation of the complex is mostly straight, more closely resembling that of rat striated muscle Tm␣ (44) . In the structure of sm-Tm␣81, the overlap complex involves 11 residues (i.e. three helical turns), similar to the structure of rat striated muscle Tm␣ (44) , but the conformation is slightly bent, which is more similar to the complexes of chicken smooth muscle Tm␣ (32) . In all the struc- tures, hydrophobic interactions of core residues help stabilize the overlap complex, and the contact interface displays pseudo-2-fold symmetry (Fig. 5) .
DISCUSSION
Previous structural studies have focused on skeletal muscle Tm␣, such that the structural impact of sequence variation among Tm isoforms remained unexplored. An analysis of 66 Tm sequences from different species (supplemental Fig. 2 ) identifies pseudo-repeat 2 and the C terminus as the most variable regions among Tm isoforms. Here, we determined crystal structures of three N-terminal fragments of smooth muscle Tm isoforms ␣ and ␤, including the variable region in pseudo-repeat 2. The structures show that sequence variation within this region does not generally affect the overall curvature of the Tm molecule. When sequence conservation is plotted, using the program ConSurf (45), on the surface of a full-length model of the Tm molecule derived from the crystal structures and MD simulations, sequence variation in pseudo-repeat 2 appears to be uniformly distributed on the convex (exposed) and concave (actin-bound) surfaces of the Tm molecule (Fig. 6 ). Closer inspection, however, reveals that residues previously identified to be directly involved in actin binding (31) are highly conserved (supplemental Fig. 2) . Combined, the conservation of these residues and the preservation of an overall curvature preshaped to the contours of the actin filament (10) suggest that the actin-binding function is highly conserved among Tm isoforms.
What then is the role of sequence variation in pseudo-repeat 2 and at the C terminus of Tm isoforms? An idea that is gaining significant traction is that the large number of Tm isoforms expressed in mammals (1) may contribute to the segregation of actin filaments into discrete networks with specialized cellular functions (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . At the molecular level, this idea would imply that either different Tm isoforms interact with different surfaces of the actin filament, exposing actin-binding sites in an isoform-dependent manner, or that ABPs interact specifically with certain Tm isoforms. As pointed out above, our work suggests that sequence variation among Tm isoforms may not have a significant effect on their actin-binding function, and most isoforms are likely to bind along a similar surface on actin. We thus favor a model according to which ABPs recognize sequence variation on the Tm or acto-Tm surface, by direct interaction with the two variable regions in pseudo-repeat 2 and at the C terminus (or head-to-tail complex). In other words, the two variable regions are directly responsible for the gatekeeper role of Tm and may also determine the spacing for the interaction of certain ABPs, including myosin (46) , with the actin filament. Very little is still known about the preferences of ABPs for specific Tm isoforms, but one well known example is striated muscle troponin T, which has two main sk-Tm␣-binding sites, including one along the variable C terminus and overlap complex (47). The head-to-tail overlap complex emerges as one of the most variable regions of the Tm molecule, implying that no single structure is fully representative of this important linkage. Here, we observed head-to-tail complexes in the structures of the parallel dimers of sm-Tm␣ and sm-Tm␤. Their occurrence here was likely made possible by the lack of N-or C-terminal coiled-coil stabilizing elements. The absence of such stabilizing elements was also likely responsible for the observation here of an antiparallel Tm coiled coil in the structure of sm-Tm␣98. It thus appears that the Tm coiled coil has inherent low helix-helix affinity, permitting the opening of the helices to form overlap complexes, which distinguishes it from stable coiled coils such as GCN4. Although strictly speaking the overlap complexes observed here are not native, because the C termini are truncated in these constructs, they offer important new information, particularly considering the apparent intrinsic variability and functional plasticity (53) of this linkage. Consistent with previous observations (32, 44) , the overlap complexes of sm-Tm␣ and sm-Tm␤ consist of four-helix bundles stabilized by hydrophobic interactions. Of particular interest are residues Met 1 and Met 8 (Fig. 5, D and E) , which are highly conserved (supplemental Fig. 2 ) and make part of the headto-tail interface in all the structures determined thus far. Methionine residues are recognized for their finger-like flexibility at hydrophobic interfaces (48) and could therefore help adapt the conserved N terminus to sequence variation at the C terminus. Despite general similarities, there are also significant differences in bending and in the extent of the overlap among the existing structures of head-to-tail overlap FIGURE 6 . Sequence conservation and Tm pseudo-repeats. Model of full-length Tm derived from the crystal structure of sm-Tm␣81 and a published model of sm-Tm␣ (37) using MD simulations. Tm coiled coils, bound symmetrically along the two long pitch helices of the actin filament, are colored according to pseudo-repeat spacing (left) and amino acid conservation (right). Conservation decreases from green to magenta. Actin subunits are colored along the short pitch helix using three alternating shades of blue. Conservation scores were calculated with the program ConSurf (45) and displayed with the program PyMOL (DeLano Scientific LLC). The sequence alignment used to calculate the conservation scores is shown in supplemental Fig. 2. complexes. In particular, in the published structures (32, 44) the extent of the overlap varies from 12 to 15 residues, whereas the length of the overlap complexes observed here is 8 to 11 residues. Coincidentally, an overlap length of 8 -11 residues was similarly suggested based on the low resolution (7 Å) structure of full-length Tm (49) , and it was also predicted based on the need for consecutive Tm molecules to remain in-phase along the long pitch helix of the actin filament (50) . It is finally important to note that despite the intrinsic plasticity of the overlap complex, its conservation within a particular Tm isoform appears to be critical, as evidenced by the observation that some of the mutations causing nemaline myopathy localize to this region (1, 51, 52 
